ABSTRACT This paper proposes a self-energy recycling full-duplex cooperative non-orthogonal multiple access (SRF-NOMA) system, where a nearby user can be employed as a decode-and-forward, amplify-andforward, and quantize-map-forward relay with self-energy recycling protocol to assist a distant user. The relay harvests energy from dedicated energy signal sent by a base station, while it reuses energy from loop self-interference (LI) signal. To characterize the performance of the system proposed, new expressions of exact and asymptotic outage probabilities for two users are derived. Based on analytical results, the diversity orders achieved by the nearby and distant user are one and two, respectively. We confirm that the diversity orders of the distant user are obtained with direct link and relaying link, since the energy from LI is harvested for information transmission at the relay. Numerical results are presented to validate the accuracy of the derived results and demonstrate that: 1) when the DF or AF protocol is employed, the outage behavior of the SRF-NOMA system is superior to orthogonal multiple access; 2) in the high signal-to-noise ratio region, DF relay in the SRF-NOMA system is capable of enhancing the outage performance compared to AF relay; and 3) the distant user in the SRF-NOMA system with QMF relay is able to obtain a better performance than that of DF and AF relays.
I. INTRODUCTION
With the rapid increase in demand for the Internet of Things, the fifth generation (5G) networks have been designed to increase spectrum efficiency and system throughput in large-scale heterogeneous data traffic. Non-orthogonal multiple access (NOMA) is one of the promising techniques, which is capable of enhancing the spectrum efficiency for the 5G networks [1] - [3] . Compared to orthogonal multiple access (OMA), the key characteristic of NOMA is that multiple users are multiplexed in the same time/frequency/code domain with different power domain. By using superposition coding at the transmitter and successive interference cancellation (SIC) at the receivers [4] , the NOMA scheme is able to achieve better performance than OMA.
At present, many contributions have investigated the downlink NOMA systems extensively [5] - [7] . In [5] , the outage behavior and ergodic rate of NOMA system with randomly deployed users was investigated. By assuming imperfect channel state information (CSI) and second order statistics, Yang et al. [6] analyzed the performance of a downlink single-cell NOMA network. The outage performance of a NOMA system was researched, where each user only feedback one bit of its CSI to a base station (BS) [7] . Compared with conventional opportunistic one-bit feedback, NOMA is capable of improving the fairness for multiple users. From the perspective of security scenario, the authors investigated the physical layer security of NOMA networks under singleantenna and multiple-antenna aided transmission scenarios in [8] . A new framework named NOMA-assisted multiregion geocast was introduced [9] , in which the NOMA technology was exploited to realize the synchronous transmission of different information to different user groups.
NOMA has been extended to cooperative communication systems, as the higher diversity and extended coverage can be obtained in wireless networks [10] . Cooperative NOMA scheme was first proposed to enhance the system reliability by transiting information to distant users with the assistant of nearby users [11] . NOMA was employed in cooperative networks with amplify-and-forward (AF) relay [12] , [13] , where the performance was characterized in terms of outage probability and ergodic sum capacity. In [14] , the outage behaviors of cooperative NOMA system with partial CSI were studied when both decode-and-forward (DF) and AF protocols were adopted at the relay. In addition to AF and DF relay protocols, quantize-map-forward (QMF) protocol was considered for relaying and the outage behaviors of cooperative NOMA was analyzed in [15] . However, the above works mainly based on half-duplex (HD) relay technology, which are inefficient in spectrum utilization. To overcome this issue, full-duplex (FD) relay technique has been employed in wireless communication systems to obtain higher spectral efficiency [16] , since it allows simultaneous reception and transmission of signals over the same frequency band. The outage performance of the FD device-to-device-aided cooperative NOMA system was investigated in [17] . The analysis results were shown that the proposed FD cooperative NOMA system outperformed the conventional NOMA and OMA systems. In [18] , the performance of user relaying for FD/HD NOMA systems was analyzed in consideration of self-interference (LI). Additionally, the FD NOMA system with a dedicated relay was proposed and outage behaviors of the system was analyzed over Nakagami-m fading in [19] . Furthermore, a FD NOMA scheme in [20] was presented for a cooperative relay sharing network, i.e., a dedicated FD relay was shared by two sourcedestination pairs.
In addition to enhance spectral efficiency, it is significant to improve the energy efficiency for future 5G networks. In [21] , simultaneous wireless information and power transfer (SWIPT) has been first proposed, which encourages a receiver to decode signal and harvest energy at the same time. To achieve SWIPT in practical scenarios, time switching (TS) and power splitting (PS) receiver architectures were proposed in [22] . By exploiting both the TS and PS receiver architectures, most researches on cooperative SWIPT networks adopted either TS based relaying or PS-based relaying protocols [23] . In [24] , the achievable throughput and optimal time split of the FD SWIPT system with TS relaying protocol were studied under three different communication modes. Besides, a cooperative SWIPT system based on PS relaying protocol was investigated in [25] , where the error rate performance was analyzed. At present, the researches on cooperative NOMA with SWIPT system were almost based on the TS and PS relaying protocols. However, the exiting TS and PS relaying protocols have the disadvantage of interrupted information transmission, since TS or PS is needed at the relay for energy harvesting. To avoid this issue, a new self-energy recycling protocol was proposed and employed in the FD SWIPT system [26] . Since NOMA and SWIPT is capable of improving the spectral efficiency and energy efficiency of cooperative networks, respectively, it is natural to combine NOMA and SWIPT in cooperative networks. SWIPT was introduced to NOMA networks [27] , in which the closed-form expressions of the outage probability and system throughput were derived. In [28] , the outage performance of the cooperative SWIPT-NOMA system was investigated under fixed power allocation and cognitive radio inspired allocation based NOMA. With utilizing SWIPT in a cooperative FD NOMA system [29] , the impact of the LI signal in FD communications was mitigated.
A. MOTIVATION AND CONTRIBUTIONS
While the aforementioned research contributions laid a solid foundation for the understanding the cooperative NOMA and SWIPT techniques, the SWIPT technique for cooperative NOMA is still under exploration. Some researches on cooperative NOMA and SWIPT have been investigated in [18] and [26] , respectively. In [26] , a new self-energy recycling protocol was proposed in the FD SWIPT system, where the self-energy recycling relay not only harvests energy from the dedicated energy signal sent by the BS, but also reuses the energy from LI signal. As the harvested energy is used to support relay for information transmission, the harmful LI signal in FD communications becomes beneficial. However, the self-energy recycling protocols has not been introduced in NOMA system. In [18] , the performance of user relaying for FD/HD NOMA systems had been investigated in detail, but the user relaying with self-energy recycling for NOMA system was not considered. To the best of our knowledge, there are no existing works to investigate the selfenergy recycling for FD cooperative NOMA (SRF-NOMA) networks. Driven by these, we specifically consider a SRF-NOMA system, where a nearby user is employed as a self-energy recycling relay with FD mode to assist a distant user. More specifically, the performance of our proposed system is characterized when implementing DF, AF and QMF protocols at the relay, respectively. The main contributions of our paper are summarized as follows: 1) We derive new expressions of exact outage probability at the nearby user and distant user, when AF, DF and QMF protocols are carried out in proposed system. We study the system throughput in delay-limited transmission based on the probability derived of the two users. 2) We derive new expressions of asymptotic outage probability at nearby user and distant user. Based on the analytical results, we acquire diversity orders of two users, which are one and two, respectively. We confirm that the diversity orders of distant user are obtained with direct link and relaying link. 3) We conclude that the outage behavior of SRF-NOMA system with DF or AF relay is superior to OMA-based system. The SRF-NOMA system with DF relay is capable of achieving better performance compare to AF relay in the high signal-to-noise ratio (SNR). In addition, the distant user with QMF relay is able to obtain better outage performance than that of DF and AF relays. Furthermore, we also confirm that the outage performance of the system becomes better with increasing the values of energy conversion efficiency and LI. The LI becomes beneficial, as the energy from LI signal is harvested for information transmission at the relay. 
B. ORGANIZATION
The rest of this paper is organized as follows. In Section II, the system model of a FD user relaying with self-energy recycling NOMA network is presented. In Section III, the performance of the system is evaluated based on AF, DF and QMF relaying protocols, which includes the outage probability of users, diversity analysis and system throughput. Numerical results are provided in Section IV and conclusions of this paper is presented in Section V.
II. SYSTEM MODEL
Consider a SRF-NOMA system, where one BS transmits information to the distant user D 2 by the virtue of nearby user D 1 . As shown in Fig. 1 
and
respectively, where n 1,D 1 ∼ CN (0, N 0 ) and n 2,D 2 ∼ CN (0, N 0 ) are the additive white Gaussian noise (AWGN) at D 1 and D 2 , respectively. The SIC scheme is first employed at D 1 for detecting and decoding D 2 's information. Hence the received signalto-interference-plus-noise ratio (SINR) at D 1 to detect x 2 is given by
where
is transmit SNR. After decoding D 2 's message and subtracting it, D 1 is further to detect its own information with the following SINR
The received SINR at D 2 to detect its own information x 2 with the direct link is given by
Different from the general situation, when D 1 employs the QMF protocol, D 1 first decodes its own information x 1 with the following SINR
and then subtracting it from the superposed signal. Hence the SINR at D 1 to detect the signal x 2 is given by
B. THE SECOND PHASE
In the second phase, D 1 is wireless powered by the dedicated energy signal from the BS while the LI signal can also be reused as the transmitting power. Based on the above description, the observation at D 1 is given by
where x e is normalized signal with unit power transmitted by the BS, P r is the power transmitted of D 1 , x LI denotes the LI signal which is supposed to be normalized unity power signal.
Assuming that the energy harvested from the noise can be ignored [26] and the harvest energy is given by
where η is the energy conversion coefficient. The transmitted power E T / 2 at D 1 can be expressed as
where |h LI | 2 < 
Hence, the SINR for D 2 to detect x 2 is given by
2) AF RELAYING CASE D 1 is amplify and forward the superposed signal to D 2 . Hence the received signal at D 2 is given by
where G =
is the amplification gain. The SNR expression for D 2 can be written as (14) , as shown at the top of the next page.
3) QMF RELAYING CASE D 1 first decodes its own information x 1 and then subtracts it from the superposed signal in the first phase. The remaining signal will be quantize-map-forwarded and sent to D 2 in the second phase. The received signal at D 2 and the SINR for D 2 to detect x 2 are the same as (11) and (12), respectively.
III. PERFORMANCE EVALUATION
In this section, the performance of the SRF-NOMA system is characterized in terms of outage probability.
A. DF RELAYING CASE
In this subsection, the performance of the proposed system with DF protocol is investigated.
1) OUTAGE PROBABILITY OF D 1
Based on NOMA protocol, the outage events at D 1 would not occur when D 1 can detect D 2 's information and also can detect its own information in the first phase. The D 1 's outage probability P DF D 1 can be obtained from [18, eq. (12) ].
2) OUTAGE PROBABILITY OF D 2
In the proposed system, the signals from the relaying link and direct link are combined by selection combining at D 2 . The outage events of D 2 can be described as follows. One of the events is that neither D 1 nor D 2 can detect x 2 . Another event is when x 2 can be detected at D 1 , but cannot be detected at D 2 with direct link and relaying link. The outage probability of D 2 can be expressed as
where γ th1 = 2 2R 1 − 1 with R 1 being target rate at D 1 to detect x 1 and γ th2 = 2 2R 2 − 1 with R 2 being target rate at D 1 to detect x 2 .
As the complexity of (15), the closed-form expression cannot be derived successfully, but it can be used for numerical simulation. Substituting (3), (5) and (12) into (15), the outage probability of D 2 can be given as
where τ = 
3) DIVERSITY ANALYSIS
To gain more insights, the outage probability in high SNR region is investigated in this section, and the diversity order achieved by the users can be obtained based on the above analytical results. The diversity order [18] is defined as
a: Diversity order of D 1
When ρ → ∞, the asymptotic outage probability of D 1 can be obtained from [18, eq. (20) ]. The diversity order of D 1 is equal to one, which is the same as D 1 in user relaying HD NOMA system.
b: Diversity order of D 2
Based on (16), when ρ → ∞, the asymptotic outage probability of D 2 can be given by
where (18) is derived by using e −x ≈ 1 − x and Ei (−x) ≈ ln (x) + C [31, eq. (8.212.1)], and the C is the Euler constant.
To further obtain the theoretical results, assuming 0 LI , the outage probability of D 2 at high SNR can be further approximated as
2 and ϕ (·) denotes psi function in [31] .
Proof: See Appendix B. Substituting (19) into (17) 
4) SYSTEM OUTAGE PROBABILITY
Based on the above analysis, the system outage events would not occur when no outage events occur at D 1 and D 2 in the whole transmission process. Therefore the system outage probability can be expressed as
where P DF D 1 and P DF D 2 are given in [18, eq. (12)], respectively.
5) THROUGHPUT ANALYSIS
In this section, the throughput will be considered in delay-limited transmission [24] , [27] for DF relaying case.
In our considered system, the BS transmits information at a constant rate R, which is subject to the effect of outage probability due to wireless fading channels. The system throughput for DF relaying case is given by
where P DF 
B. AF RELAYING CASE
In this subsection, the performance of the proposed system with AF protocol is investigated. 
2) OUTAGE PROBABILITY OF D 2
The outage events will occur when the received SINR at D 2 with direct link and relaying link is both less than its target SINR. The outage probability of D 2 can be expressed as
Similar to the DF relaying protocol case, the closed-form expression of (22) cannot be obtain. Substituting (5) and (14) into (22) , the outage probability can be written as
Note that (23) is derived on the condition of a 2 < a 1 γ th 2 , otherwise P AF
Proof: See Appendix C.
3) DIVERSITY ANALYSIS a: Diversity order of D 1
In AF relaying case, the diversity of D 1 is one, which is the same as in DF relaying case. When ρ → ∞, the asymptotic outage probability of D 2 can be given by
(24)
Proof: See Appendix D.
Substituting (25) into (17) 
4) SYSTEM OUTAGE PROBABILITY
Similar to (20) , the system outage probability for AF relaying case can be expressed as
where P AF D 1 and P AF D 2 are given in [18, eq. (12) ] and (23), respectively.
5) THROUGHPUT ANALYSIS
Similar to (21), the system throughput for AF relaying case is given by
where P AF 
C. QMF RELAYING CASE
In this subsection, the system performance with QMF protocol is investigated in detail.
1) OUTAGE PROBABILITY OF D 1
The outage events at D 1 will be occur when the SINR of D 1 decoding itself is less than its target SINR. Therefore the outage probability of D 1 in this case can be expressed as
Substituting (6) into (28), the closed-form expression for the outage probability of D 1 can be obtained as
where σ = 
2) OUTAGE PROBABILITY OF D 2
The outage events will occur as follows. The first is that D 1 cannot decode its own information and D 2 cannot decode its signal with the direct link. The second is that D 1 is able to detect its own signal, but D 2 is unable to decode its signal with the direct link and relay link. Based on the above analysis, the outage probability of D 2 can be written as
where γ QMF is the SINR for quantize-map-forward relay link, and according to [32, eq. 10] γ QMF can be obtained as follows
Assuming γ
+ γ 2,D 2 1 and substituting (7) and (12) into (31), the γ QMF can be approximated as
Substituting (5), (6) and (32) into (30), after some algebraic manipulations the outage probability of D 2 can be rewritten as
where (33) is derived on the condition of a 1 > a 2 γ th 1 . Similar to the derivation process of (16), we can calculate (33) as follows. When γ th 2 < a 2 ρσ , after some algebraic manipulations, (33) can be calculated as
where ϑ = When γ th 2 > a 2 ρσ , similar to (34) we can obtain 
3) DIVERSITY ANALYSIS a: Diversity order of D 1
Based on the analytical result in (31), when ρ → ∞, with e −x ≈ 1 − x the asymptotic outage probability of D 1 is given by
where ∝ represents ''be proportional to''. Substituting When ρ → ∞ and γ th 2 < a 2 ρσ . Similar to the derivation process of (18), the asymptotic outage probability of D 2 at high SNR is given by
Assuming 0 LI , the outage probability of D 2 at high SNR can be further approximated as
where the derivation process of (38) is similar to (19) . When ρ → ∞ and γ th 2 > a 2 ρσ , the asymptotic outage probability of D 2 is given by
where (39) 
where the derivation process of (40) is similar to (25) .
Substituting (38) and (40) into (17) 
4) SYSTEM OUTAGE PROBABILITY
Similarly to III-A4, the system outage probability for the QMF relaying case can be expressed as
are given in (29) and (34)/(35), respectively.
5) THROUGHPUT ANALYSIS
Similarly, the system throughput for QMF relaying case is given by are given in (29) and (34)/(35), respectively.
As shown in TABLE 1, the diversity orders of two users for the SRF-NOMA system with different relaying protocols are summarized, in order to illustrate the comparison between them. In TABLE 1, we assume that ''D'' represents the diversity order.
IV. NUMERICAL RESULTS
In this section, numerical results are presented to validate the performance of the SRF-NOMA system. Without loss of generality, the distance between BS and D 2 is assumed 
A. OUTAGE PERFORMANCE WITH FIXED VALUES OF η AND LI
In this subsection, the outage probability of the two users for the DF, AF and QMF protocols is demonstrate. In the following simulation, η and LI are set to be η = 0.8, E{|h LI | 2 } = −10 dB, where E{·} denotes expectation operation. Fig. 2 plots the outage probability of the two users versus SNR for DF and AF protocols. The black and red curves represent the outage performance based on DF and AF protocols, respectively. The exact theoretical curves of D 1 and D 2 for the two protocols are plotted according to [18, eq. (12) ] and (16), (23), respectively. Obviously, the Monte Carlo simulation verifies the accuracy of our derivation. It is shown that the outage performance of NOMA outperforms OMA. We can observed that D 2 is able to achieve better outage performance when AF relay is employed in the low SNR region. The reason is that x 2 cannot be correctly decoded at DF relay in low SNR region and hence no forwarding to D 2 ; However the superposition signal is directly amplified and forwarded to D 2 by AF relay. Another observation is that the outage performance of D 2 for DF protocol is better than that of AF protocol in high SNR region. This is due to the fact that the information of D 1 has been severe interference when D 2 decodes its own information with relaying link in AF relaying case. Furthermore, the asymptotic outage probability curves of D 1 and D 2 for the two protocols are plotted according to [18, eq. (20) ] and (18), (24), respectively. As can be observed from the figure, the asymptotic curves approximate the exact curves well in the high SNR region. Fig. 3 plots the outage probability of the two users versus SNR for QMF protocol. The exact theoretical curves are for the outage probability of the two users corresponding to the analytical results (29) and (34), respectively. The asymptotic outage probability curves of two users are plotted corresponding to the derivation (36) and (37), respectively. Similar to Fig. 2 , it is clear that the exact theoretical curves are consistent with the Monte Carlo simulation and the asymptotic curves approximate the exact curves well in the high SNR region. Additionally, one can observe that the outage performance of D 1 for FD OMA exceeds FD NOMA. The main reason is that in QMF protocol, D 1 needs to decode itself first in the first phase, hence the signal of D 2 has been regarded as interference, which causes the outage performance of D 1 to deteriorate. We also observed that the outage behavior of D 2 for FD OMA is superior to FD NOMA in low SNR region. This is because D 1 cannot decode its own information successfully in the low SNR region, and then nothing is forwarded to D 2 with the relaying link in the second phase. Fig. 4 plots the outage probability versus SNR for DF and AF protocols with different target rates. The black and red curves denote the outage performance for DF and AF protocols, respectively. The figure shows that the outage probability of D 1 decreases as R 1 decreases. This is due to the fact that decreasing R 1 will make the threshold of decoding lower, which leads to less outage. Similarly, the outage probability of D 2 also decreases as R 2 decreases. Besides, we see that the outage performance of D 2 is not affected by adjusting D 1 's target rates, which validates our analytical results (15), (16) and (22), (23) . An important observation is that all the curves of D 1 and D 2 have the same slopes, respectively, which indicates that the diversity gains of D 1 and D 2 for the two protocols are the same, respectively. As shown in Remark 1 and Remark 2, the diversity gains of D 1 and D 2 for the two protocols are one and two, respectively.
As shown in Fig. 4, Fig. 5 plots the outage probability versus SNR for QMF protocol with different target rates. It is observed that the outage performance of D 2 deteriorates FIGURE 6. Outage probability of D 2 versus SNR for DF, AF and QMF protocols, when a 2 < a 1 γ t h 2 and a 1 > a 2 γ t h 1 . R 1 = 0.1 and
as R 1 and R 2 increase, since increasing R 1 and R 2 will make the threshold of decoding higher. The figure also demonstrates that the outage probability of D 1 increases as R 1 increases, whilst outage performance of D 1 is not affected by adjusting D 2 's target rate. As in the first phase D 1 needs to decode itself first for QMF protocol. It verifies the derivation (28) and (29) . Similar to Fig. 4 , all the curves of D 1 and D 2 have the same slopes, respectively, i.e., the diversity gains of D 1 and D 2 with different target rates are the same, respectively. In Remark 4, we have concluded that the diversity gains of D 1 and D 2 for QMF protocols are one and two, respectively. Based on the analysis of Fig. 4 and Fig. 5 , it is necessary to set the appropriate target rate for NOMA users in different application scenarios. Fig. 6 plots the Outage probability of D 2 versus SNR for DF, AF and QMF protocols, when a 2 < a 1 γ th 2 and a 1 > a 2 γ th 1 . The black, red and green curves denote the outage probability of D 2 for DF, AF and QMF protocols, respectively. The black and red curves coincide, which shows that the probability of D 2 for DF and AF protocols is one. Based on the above analysis, when a 2 < a 1 γ th 2 , the outage probability of D 2 for DF and AF protocols is one. For QMF protocol, the exact theoretical curve is for the outage probability of D 2 corresponding to the derivation (35), when a 1 > a 2 γ th 1 , the outage probability of D 2 is less than one. This verifies the conclusion in Remark 3 that the outage probability of D 2 for QMF protocol is smaller than that of DF and AF protocols when a 2 < a 1 γ th 2 and a 1 > a 2 γ th 1 .
B. OUTAGE PERFORMANCE WITH DIFFERENT VALUES OF η AND LI
This subsection, the outage probability and system throughput are analyzed with adjusting the values of η and LI. In the following simulation, the target rates of D 1 and D 2 for DF and AF protocols are both set to R 1 = 3 and R 2 = 0.3 BPCU, In the SRF-NOMA system, the information decoding and the energy harvest at D 1 are in the first and second phase, respectively. Hence, as above analytical results the values of η and LI have no effect on the outage probability of With the value of η and LI increasing, the outage probability of D 2 decreases. This is because according to the derivation (10), the transmit power of relay becomes larger as η and LI increasing. It is worth noting that all the curves in Fig. 7 and Fig. 8 have the same slopes, which indicate the conclusion in Remark 3 and the diversity gains of D 2 for the three protocols are two. This phenomenon can be also explained as follows. The diversity orders of D 2 are obtained with direct link and relaying link, since the energy from LI can be reused for information transmission at the relay.
The system throughput in delay-limited transmission mode with different values of η and LI is analyzed in the next part. Fig. 9, Fig. 10 and Fig. 11 plot the system throughput versus SNR in delay-limited transmission mode for DF, AF and QMF protocols, respectively, which are plotted according to (21) , (27) and (42), respectively. We can observe that the throughput of FD NOMA is higher than FD OMA when employing DF and AF protocols, since the outage performance in FD NOMA is better than FD OMA. On the contrary, the throughput of FD OMA is higher than FD NOMA when employing QMF protocol, as the outage performance of D 1 for FD NOMA is much more worse than FD OMA. One can observe that the proposed system achieves higher throughput as increasing η and LI for the three protocols in the low SNR region. This is due to the fact that the outage probability of D 2 decreases as increasing η and LI. Another observation is that throughput ceilings exist in the proposed system for the three protocols in the high SNR region. The reason is that in the high SNR region, the outage probability tends zero and the throughput only depends on the target data rate.
V. CONCLUSION
In this paper SRF-NOMA system has been investigated insightfully. The performance of the proposed system has been characterized based on DF, AF, and QMF protocols, respectively. New expressions of outage probability for two users have been derived. Based on the analytical results, the diversity orders implemented by the nearby and distant user were one and two, respectively. The diversity orders of the distant user were obtained with direct link and relaying link. Numerical results showed that the outage behavior of SRF-NOMA system with DF or AF relay outperformed OMA-based system. The outage performance of the proposed system with DF relay was superior to AF relay in the high SNR region. Additionally, the distant user in the SRF-NOMA system with QMF relay was capable of achieving better performance than that of DF and AF relays. Furthermore, the system performance has become better when η and LI increase. The LI signal has become beneficial, since the energy from LI can be harvested for information transmission at the relay.
APPENDIX A
According to (15) , the outage probability of D 2 in DF relaying case can be expressed as
Substituting (3), (5)into Q 11 , Q 12 , we can obtain
with a 2 > a 1 γ th 2 . Substituting (3), (13)into Q 13 , after some algebraic, Q 13 can be given as 2 and ϕ (·) denotes psi function [31] . Substituting (B.2) and (B.3) into (B.1), we can obtain (19) .
The proof is completed.
APPENDIX C
Substituting (5), (14) Note that (C.1), (C.2) and (C.3) are derived on the condition of a 2 > a 1 γ th 2 . Substituting (C.2) and (C.3) into (C.1), we can obtain (23) . The proof is completed.
APPENDIX D
When ρ → ∞, the approximated expression of (14) The proof is completed.
